ABSTRACT
INTRODUCTION
Denaturing high-performance liquid chromatography (DHPLC) is a novel technology that compares two or more chromosomes as a mixture of denatured and renatured products ≤ 1000 bp in size (15) . The presence of single or multiple mismatches is revealed by the appearance of one or more early eluting peaks in the chromatographic profile representing heteroduplex species. DH -PLC has been carried out under both completely and partially denaturing conditions using column temperature to modulate the degree of denaturation (14, 15) . Applications of DHPLC include the discovery of simple sequence polymorphisms (1, 2, 18) , the mapping of genes (17) , the mutational analysis of candidate genes (9, 16, 19) , the targeted screening for induced mutations (12) , direct allelic discrimination (14) , the analysis of primer extension products (7) and the quantification of gene expression (6) .
A number of studies (3) (4) (5) 8, 9, 13 ) have found DHPLC to be superior to single strand conformation analysis (SSCA). Depending on the size and sequence of the PCR products, SSCA detected only 50%-97.5% of the mutations discovered by DHPLC. More generally, DHPLC has been documented to find 95%-100% of mutations identified previously by other methods such as sequencing, SSCA, denaturing gel electrophoresis and protein truncation test (3) (4) (5) 8, 10, 13, 19) . Further, no additional mutations were reported upon resequencing of all or part of the BRCA1andPTENexons analyzed prior to that by DHPLC (5,10,19 ).
The accuracy of DHPLC has been improved substantially by the development of an algorithm that predicts the optimum temperature at which a simple sequence variant in a given melting domain can be detected (8) . It is freely available at http://insertion.stanford. edu/melt.html. In a blind analysis of 103 known mutations, 99 were detected at the temperature recommended by the algorithm (8) . However, the study only assessed the ability of DHPLC to detect single mismatches in 42 different sequence backgrounds with an average size of 308 bp. In reality, one may encounter more than one mutation in a sequence, particularly when the product size is maximized to minimize the number of fragments for screening. To address the concern of whether temperature recommendations made by the algorithm hold for larger fragments containing single or multiple mismatches, we compared a total of 476 PCR products with an average length of 563 bp from the Arabidopsis thaliana ecotypes Columbia and Landsberg erecta by both DHPLC and, subsequently, direct sequencing.
MATERIALS AND METHODS

Sequences and Primer Design
The sequences of the bacterial artifical chromosome (BAC) clones listed in Table 1 were downloaded from www. arabidopsis.org or www.ncbi.nlm.nih. gov. The oligonucleotide primers were designed with a uniform melting temperature of 60°C and yielded products with a size range of 464-646 bp.
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PCR Amplification
PCR was performed in 50-µ L volumes containing approximately 50 ng genomic DNA from either Columbia or Landsberg erecta, 0.15 µ M each primer, 1 U AmpliTaq Gold ® DNA Polymerase (Applied Biosystems, Foster City, CA, USA), 250 µ M dNTPs (Amersham Pharmacia Biotech, Piscataway, NJ, USA), 10 mM Tris-HCl, pH 8.3, 50 mM KCl and 2.5 mM MgCl 2 . Thermal cycling was performed in a GeneAmp ® PCR System 9700 (Applied Biosystems). Initial denaturation (of DNA)/activation (of enzyme) at 95°C for 10 min was followed by 16 cycles of denaturation at 95°C for 20 s, primer annealing under touch-down conditions starting at 60°C for 1 min and decreasing by 0.5°C in each consecutive cycle, and primer extension at 72°C for 1 min. We then performed 25 additional cycles at 95°C for 20 s, 52°C for 45 s and 72°C for 1 min. A final extension reaction was performed at 72°C for 7 min, after which the reaction was held at 4°C. Success of amplification was verified by means of agarose gel electrophoresis.
DHPLC
Heteroduplices were generated by mixing fragments amplified separately from Columbia and Landsberg erecta at roughly equimolar ratio before DHPLC analysis. The mixture was denatured at 95°C for 3 min and allowed to renature over 30 min by decreasing the temperature from 95°C to 65°C. Each heteroduplex was run on an automated WAVE ® DHPLC instrument equipped with a DNASep ® column (Transgenomic, San Jose, CA, USA) at the product's recommended temperature(s) as predicted by the melting algorithm available at http: //insertion.stanford.edu/melt.htm. The mobile phase was 0.1 M triethylammonium acetate (Applied Biosystems), pH 7.0, and 0.1 mM Na 4 EDTA (Sigma, St. Louis, MO, USA). The latter reagent was added to chelate metal cations that exert a detrimental effect on separation efficiency (15) . DNA fragments were eluted at a flow-rate of 0.9 mL/min with an acetonitrile gradient (J.T. Baker, Phillipsburg, NJ, USA). The start and end points of the gradient were calculated with the WAVE MAKER program (version 3.3.4; Transgenomic), and slight adjustments were made following the first run to ensure a time window of 1.5 min between the void and the product peak. Between runs, the column was flushed for 0.5 min with 50% acetonitrile using the WAVE Accelerator and re-equilibrated for 1.5 min at the starting conditions of the gradient. Chromatograms were examined visually for differences between the Columbia control only and the Columbia Landsberg erecta duplex.
Cycle Sequencing
To remove excess oligonucleotide primers and dNTPs, 10 µ L each product were treated with 1 U each Exonuclease I and Shrimp Alkaline Phosphatase for 30 min at 37°C and 15 min at 80°C. The PCR products were then sequenced with the BigDye ™ Deoxy Terminator cycle sequencing kit (Applied Biosystems) according to the manufacturer's instructions. Following solid phase extraction with Sephadex ® G-50 (Amersham Pharmacia Biotech), the sequencing reactions were analyzed with a Model 377A sequencer (Applied Biosystems). Sequence analysis was facilitated by the fact that both ecotypes are genetically homogeneous due to inbreeding.
RESULTS AND DISCUSSION
The sensitivity and specificity of DHPLC were determined by the comparative analysis of the Landsberg erecta ecotype to its Columbia allele under temperature conditions predicted by computer simulation of the melting behavior of the DNA segments of interest on chromosomes 1, 2 and 4. The products had an average size of 563 bp and covered a total of approximately 250 kb or about 0.2% of the entire Arabidopsis genome. Subsequently, the DHPLC results were confirmed by dye-terminator sequencing. Of the 476 fragments analyzed both by DHPLC and sequencing, 166 were polymorphic ( 
Table 2. Sensitivity of DHPLC as a Function of the Number of SNPs per Product and the Analysis Temperature
range of at least 6°C. Consequently, if the melting domains in a given product differ by more than 5°C, respectively 10°C, the melting algorithm will recommend one or two additional DHPLC analyses in 5°C decrements. The first recommended temperature always concurs with the temperature at which 50% of the complementary DNA strands of the highest melting domain in a given fragment are denatured. In the present study, the highest temperature recommended led to the detection of 94% of all polymorphic fragments, and sensitivity appeared to be quite uniform irrespective of the number and nature of mismatches contained in a given fragment ( Table 2 ). The high sensitivity attained at this temperature is more striking because 78 of the 166 polymorphic fragments contained melting domains that differed by more than 5°C, while 12 had melting domains that ranged over more than 10°C. Therefore, one might have expected more sequence variants to be missed at the highest recommended temperature, but, as mentioned above, the minimum temperature range over which a mutation can be detected tends to be quite broad, enabling the detection of mutations over a wide range of melting domains. Nevertheless, analyzing those fragments at the additionally recommended temperatures of -5°C and -10°C increased sensitivity to 98.8% and 99.8%, respectively.
The majority, or 120 out of 166 polymorphic fragments, yielded characteristic profiles of two or more discrete peaks ( Figure 1B ) distinctly different from those of monomorphic segments ( Figure 1A) . The remaining 46 polymorphic fragments (27.7%) presented only with a fronting shoulder ( Figure 1C ) or trailing peaks ( Figure  2C ) that were not observed in the corresponding monomorphic Columbia control. This suggested that in such cases the chosen melting temperature might have already caused the almost complete denaturation of the fragments. This was corroborated by an improved resolution of homo-and heteroduplex species at temperatures lower than the recommended one (compare chromatograms in Figure 1C and Figure  2A ). This also allowed the successful detection of the only polymorphic fragment that had been missed at the recommended temperature (Figure 2 , B and C). Such optimization is of particular interest when using DHPLC, not only for the discovery but also for the genotyping of polymorphisms in the course of fine mapping a locus. With improved resolution of homo-from heteroduplex species, it becomes possible to detect a given polymorphism even when it is only present in 1 out of 10 chromosomes as shown previously (10, 12) . Moreover, the chromatograms in Figure 1 emphasize the importance of including a monomorphic control, not only to recognize sometimes subtle heteroduplex signals but also to reduce the number of false positives. The latter are usually the result of runs of bases or short tandem repeats causing slippage of the polymerase enzyme with subsequent formation of heteroduplices (15) . They may also indicate gene duplication (14) . Such false-positive heteroduplex signals can be easily distinguished because they are also observed in the monomorphic control ( Figure 1D ). However, in four instances, DHPLC of the mixture of Columbia and Landsberg erecta yielded profiles that differed from those of Columbia only, though slightly. Sequencing could not confirm the presence of mismatches. It cannot be excluded entirely that the polymorphic DHPLC profiles actually indicated the presence of mismatches between duplicated regions of the genome that were missed in the sequence analysis. Recently, we have observed that dyeterminator sequencing failed to detect short deletions or insertions if they were only present in one out of five chromosomes, while single-nucleotide substitutions were still detected readily.
Overall, the temperatures recommended by the freely available melting algorithm appear to allow the successful detection of most polymorphic segments of a genome independently of the number and nature of sequence variants. In cases in which a maximum degree of sensitivity is required, smaller temperature decrements may be chosen, even though a very small number of mutations may still go undetected. For instance, a recent study (19) of 183 BRCA1 and BRCA2 mutations reported two mutations that were detected only at a unique temperature. The number of such cases is still too small to identify a particular sequence motif that may compromise the ability of DHPLC to detect mutations over a wide range of temperatures.
A comparison of the PCR-based sequence data obtained in the present study for Columbia with the published reference sequence revealed 14 discrepancies corresponding to an error rate of 1 in approximately 1 8 000 bp. The error rates varied slightly among the three chromosomes. It was highest for chromosome 2 (1 in 1 2 000 bp) and lowest for chromosome 1 (1 in 2 2 800 bp). This agrees with the reported error rate of 1 mismatch every 1 2 546 bp that was derived from the independent sequencing of overlapping BAC segments (11) .
In conclusion, the high accuracy and low operating cost (approximately 25 cents per run) of DHPLC make it a powerful tool for the identification and scoring of simple sequence polymorphisms in the narrowing of candidate regions identified initially by whole-genome mapping using microarray-based genotyping of biallelic markers (2, 20) . The high sensitivity of DHPLC also lends reassurance to the eventual screening for the mutations responsible for particular phenotypes. This is especially true in instances of reverse genetics when chemically induced mutations are embedded in thousands of monomorphic bases between the mutant and the wild -type.
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